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Abstract
In conventional nuclear experiments a beam of accelerated nuclei collides
with a target nucleus that is surrounded by other nuclei in a molecule, or
in condensed matter, or in plasma environment. It is shown that for low
collision energies the nuclear reaction is strongly boosted by the environment.
The eect originates from a chain of preliminary three elastic collisions which
transform the projectile-target experiment into the one with colliding beams.
Firstly, the projectile-target pair of nuclei undergo the elastic scattering in
which the projectile shares its energy and momentum with the target nucleus.
Then the projectile and target nuclei collide with dierent heavy nuclei from
the environment. These later collisions change the velocities of the target and
projectile nuclei and set them again on the collision course. Finally the same
pair of nuclei collides inelastically, this time giving rise to the nuclear reaction.
The increased energy of the target nucleus increases the relative velocity up
to
p
2 times that results in drastic exponential increase of the probability to
penetrate the Coulomb barrier and therefore sharply increases the likelihood
of the nuclear reaction. Applications to the laser induced fusion are discussed.





We suggest a new eect that strongly increases a probability of low energy nuclear
reactions in condensed matter, in molecules or in plasma environment. Though we do not
aim at interpreting a particular experiment, our interest in the subject was denitely inspired
by a few publications, see [1{4] and references therein, that claim a substantial increase of the
DD fusion cross-section in solids. One obvious possibility for a boost of the fusion originates
from the motion of the target deuterium is caused by its vibrations in condensed matter
(or other) environment, as discussed in [5]. Moreover, the vibration can be stimulated by
the Coulomb interaction of the projectile deuterium with the target one, giving additional
increase for the probability of the fusion, as was found in [5]. In this paper we suggest
another eect which proves be very eective for low energy region.
Consider some nuclear reaction initiated by collision of a pair of nuclei in a conventional
beam-type nuclear experiment. Suppose that the target nucleus is surrounded by other
heavy nuclei. This happens when it is deposited in a molecule, or in condensed matter, or in
plasma environment. The energy of the projectile is supposed to be lower than the Coulomb
barrier, and we are interested in the probability of a nuclear reaction.
Remember that the Coulomb barrier makes the probability P of the reaction depend








where Z1; Z2 are the charges of the projectile and target nuclei, v12 is their relative velocity.
Here and afterwards the indexes 1 and 2 mark the variables of the projectile and target nuclei
respectively. If we assume that the energy of the target nucleus E2 is negligible E2  0, then
the collision velocity depends only on the energy of the projectile E1; v12 ’ v1 =
√
2E1=m1.
This makes the probability depend exponentially on the projectile energy E1. Let us imagine
now that there exists some mechanism which can split the same amount of energy between
the two colliding nuclei. Moreover, let us assume that this mechanism can also put the
nuclei in a head on collision. Then obviously the relative velocity may be larger. Its possible
maximum (for a given energy E1) is vm =
√
2E1= where  is the reduced mass for the pair
of nuclei. For collision of two deuterons m1 = m2 = 2, which gives vm =
p
2v1, i.e. the
maximum possible collision velocity is substantially larger than the initial velocity, vm > v1.
Eq.(1.1) shows that collision with the velocity vm =
p
2v1 makes the nuclear reaction much
more probable.
This simple observation inspires one to look for a mechanism which can fulll two func-
tions. Firstly, it should force the projectile to share its energy with the target. Secondly, it
has to set the pair onto the collision course. The rst goal can be achieved if we consider an
elastic scattering of the projectile on the target nucleus. This collision obviously transfers
part of the projectile energy to the target and can substantially enlarge the relative velocity
of the two nuclei. This event should be considered as a preliminary collision, since we are
seeking for a possibility of the nuclear reaction, which should arise in the following inelastic
collision. However, the necessary inelastic event cannot happen by itself. After the elastic
collision the two nuclei move in opposite directions in the center of mass reference frame,
and therefore cannot collide again, at least this is impossible in the vacuum. The situation
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changes when the environment is present. The important point is that scattering of the
considered colliding particles on nuclei of the environment can change directions of their
propagation. To simplify consideration let us assume that the nuclei of the environment
are much heavier than the colliding pair (which is usually true for the most interesting case
of the light colliding nuclei). Then, scattering on nuclei of the environment do not change
energies of the target and projectile nuclei, but changes directions of their velocities. These
new velocities may put the pair on the collision course. There arises therefore a possibility
for the second collision of the same projectile-target pair. Since this nal collision happens
with large velocity, it can initiate the nuclear reaction with much higher probability.
The picture described needs a chain of three elastic collisions (TEC). Initial elastic colli-
sion of the pair accelerates the target, then two collisions of the target and projectile nuclei
with dierent nuclei of the environment change relative velocity of the pair in such a way
that the nal inelastic collision becomes possible. One can nd some resemblance of this
process with the cannon (carambole) shot in the billiards game.
Proposing the TEC mechanism, we nd that it greatly, by orders of magnitude, increases
the probability of the nuclear reaction for low projectile energy. In Section II we nd the
wave function for the colliding pair which takes into account TEC. In Sections III and IV we
nd the amplitude and the probability of the nuclear reaction initiated by TEC. A numerical
example, considered in Section V, shows how eective the TEC mechanism is, while Section
VI presents our conclusions, including possible applications to the laser induced fusion.
II. WAVE FUNCTION FOR THREE ELASTIC COLLISIONS
Our goal is to take into account TEC, which sets the mechanism described in Section
I in action. Consider rstly the initial elastic scattering caused by the Coulomb repulsion
of the projectile and target nuclei. The wave function which emerges due to this scattering
will be important for us only far outside the region in which the scattering takes place,




where the minimal separation between the two nuclei during the collision rmin depends on
the charges Z1; Z2 of the projectile and target nuclei and the energy of the projectile E1. In
this region we can describe this wave function with the help of its asymptotic form which is
governed by the scattering amplitude. Remember that for conventional potential scattering
of a particle on a heavy center the asymptotic form of the wave function is
 p(r) = exp
i
h





(p r) ; (2.2)
where f() is the scattering amplitude. Similarly we can write the wave function for the
two-nuclei problem considered. If the interaction between the nuclei is neglected then their
wave function is
 (0)p1,p2(r1; r2) = exp
i
h
(p1  r1 + p2  r2) = exp i
h
(P  r + p  r12) : (2.3)
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The momentum of the projectile p1 is supposed to be suciently large and one can hope
that the plane wave description is valid. In contrast, the momentum of the target nucleus
p2 arises due to its motion caused by vibrations in a molecule or in condensed matter, or
by temperature reasons in plasma environment. Therefore, generally speaking, the wave
function of the target nucleus is not a plane wave. However, we can assume that the typical
target momentum is small compared with the projectile momentum
p2  p1 : (2.4)
This will allow us to account for the vibration motion of the target nucleus by a simple
method explained below, see Eq.(2.18), while so far we focus our attention on the plane
wave description for the target nucleus.
The last identity in (2.3) rewrites the two body plane wave in terms of their center of
mass motion and relative motion















Obviously, the center of mass motion does not depend on interaction between the nuclei,
while the relative motion is aected by it. As a result the elastic scattering of the two nuclei
gives an additional term in the wave function, which is similar to (2.2),









(P  r + p r12) : (2.6)
Here fpt(pt) is the elastic projectile-target scattering amplitude, and pt is the scattering
angle, i.e. the angle between the vector of momentum p and the relative separation r12.
The scattering is mostly due to the Coulomb repulsion between the nuclei. The screening
caused by the atomic electrons can also be important, but the higher the projectile energy
the smaller its contribution. We presume that the projectile energy exceeds the averaged
potential energy of both the target and projectile in the environment, which needs that
p21
2m1
 Z1; Z2  27 ev : (2.7)
This inequality allows one to describe propagation of the nuclei after their collision in terms
of of their momenta p01;p
0
2. In (2.6) and later on we use a usual notation which presumes
that r12 = r1 − r2. The considered elastic scattering
p1 + p2 ! p01 + p02 (2.8)
supplies the target nucleus with large momentum p02 ’ p01  p2 and energy p022 =(2m2) which
can be much higher than its initial energy p22=(2m2). This fullled the rst goal of the
proposed mechanism, providing acceleration of the target nucleus.
Consider now what happens with the pair of nuclei after their rst elastic collision. The
nuclei of the pair can interact with other nuclei from the environment. This interaction will
result in their scattering. Suppose that the projectile nucleus is scattered by the condensed
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matter nucleus A which possesses a charge ZA and is located at the point RA, while the target
nucleus is scattered by another condensed matter nucleus B with the charge ZB located at
the point RB. Let us assume that the nuclei of the environment are much heavier than the
considered pair of nuclei mA; mB  m1; m2. Then the scattering on A and B results in the
variation of the momenta of each nuclei of the pair, while their energy is conserved. (This
makes heavy nuclei A;B useful. If they are light ones, then they take the energy away from
the colliding pair, which obviously reduces chances for its penetration through the Coulomb
barrier in the following inelastic collision.)
To take these scattering processes into account let us rst rewrite the wave function of





r1 = RA + r
′
1 ; (2.9)
r2 = RB + r
′
2 : (2.10)
Scattering with large momentum transfer happens at small separations r01; r
0
2  a0, where a0
is the Bohr radius. In this region the second term in the wave function (2.6) can be written
as


























Eq.(2.11) shows that in the region of interest the wave function of the pair can be looked




1  r′1) describes








describes the target nucleus which acquired the momentum p
′
2. This picture is convenient
for formulation of the scattering problems which describe collisions with nuclei A and B.
The scattering of the projectile on the nucleus A modies its wave function. Instead of a
plane wave there arises the wave function which takes this scattering into account. Therefore
we can describe the eect of this scattering replacing the plane wave of the projectile in (2.11)








1) !  p′1(r01) : (2.13)
Similarly, the scattering of the target nucleus by the nucleus B results in the modication








2) !  p′2(r02) : (2.14)






































The factors fpA(pA); ftB(tB) in (2.15),(2.16) are the elastic scattering amplitudes describing
collision of the target nucleus with the nucleus A and the projectile one with the nucleus B,
pA and tB are the corresponding scattering angles. Note that the spherical waves, i.e. the
second terms in (2.15),(2.16) which emerge from the points RA and RB, can be considered
for large separations r01; r
0
2 > a0.
We described above a chain of TEC: rst collision of the considered pair of nuclei, which is
followed by a collision of each nucleus of the pair with the nuclei A;B from the environment.
Let us now take into account all three scattering processes simultaneously. The part of the
wave function that accounts for all of them can be derived if we substitute in (2.11) the
outgoing spherical waves described by the second terms in (2.15),(2.16) instead of the plane
waves exp i(p
′
1 r′1)=h and exp i(p′2 r′2)=h.) Denoting the contribution which these terms give
to the wave function as (3) p1,p2(r1; r2), (where the symbol 
(3) refers to TEC) we arrive to
the following result









(p01 jr1 −RAj+ p02 jr2 −RBj+ (p1;p2)) :
Up to this point we restricted our consideration to the plane wave description of the target
nucleus. Let us now take into account the fact that the initial state of the target nucleus
is associated with some vibration motion described by the wave function t(r). We can
assume that the corresponding momenta p2 are small, i.e. they obey (2.4). In this situation
the energy of the target motion is much lower than the collision energy. This allows one to







where t(p2) is the Fourier component of the target wave function. This approximation
is similar to the momentum approximation which is well known in nuclear physics [7].
Eqs.(2.17),(2.18), that are the main result of this Section, describe the wave function of
the pair which is perturbed by TEC.
III. AMPLITUDE OF THE NUCLEAR REACTION INITIATED BY THREE
ELASTIC COLLISIONS
Eq.(2.17) shows that there is a flux of the projectile nucleus which originates from the
source-point RA and the flux of the target nucleus originating from RB. They provide an
opportunity for a new, nal inelastic collision of the pair that initiates the nuclear reaction.
Let us call A(p1;p2) the amplitude of the nuclear reaction initiated by a collision of the
pair of nuclei with momenta p1 and p2 in the vacuum. Obviously it strongly depends on







This energy governs the tunneling under the Coulomb barrier. In the under-barrier region
the tunneling amplitude shows a strong variation with energy and it is convenient to separate
the corresponding factor
A(p1;p2) = exp(−A(Ep1,p2))B(p1;p2) ; (3.2)










Integrating in (3.3) one gets the usual result for the Coulomb suppression factor [6]









which agrees with (1.1). The notation introduced is convenient for writing the amplitude of
the direct nuclear reaction which happens if the environment is neglected. The wave function
of the pair in this case is a product of the incident plane wave and the target wave function
 p1(r1; r2) = exp
i
h
(p1  r1)t(r2) : (3.5)
The amplitude of the nuclear reaction in which reaction products in the nal state have the
momentum Q is simply
M(Q) = A(p1;Q− p1)
∫
 p1(r; r) exp−
i
h
(Q  r) d3r (3.6)
= A(p1;Q− p1)t(Q− p1) :
To take the eect of TEC into account we need to consider the wave function (2.18) when
r1 = r2 = r. This gives us the amplitude of the event in which the inelastic collision initiated
by TEC takes place at the point r. We also need to multiply this amplitude by the amplitude
of the nuclear reaction A(p001;p
00












Integrating thus obtained amplitude over all possible collision points r with the weight
exp−i(Q  r)=h, the later ensures that we consider particular momentum of the nal state,






(3)Ψ(r; r) exp− i
h
(Q  r) d3r : (3.8)
Comparing the amplitude of the nuclear reaction during collision in the vacuum (3.6)
with the one which follows the chain of TEC (3.8) we observe rst of all that the elastic







and is higher than the initial collision energy Ep′′1 ,p′′2 > Ep1,p2 . A gain of the collision energy
results in a drastic increase of the tunneling amplitude (3.4).
Integration in (3.8) takes place mainly in the vicinity of the segment which connects RA
and RB because here the collision energy is the highest. In order to verify this statement


























2 depend on r according to (3.7). Since the phase is large S  p1RAB  h,
its variation is the major factor which governs integration in (3.8). Simple analysis shows
that other factors listed in (3.10) do not produce any substantial eect in the integration.
Therefore one can rmly rely on the stationary phase method. The stationary point r = rf ,
at which the considered nal collision takes place, should be found from equation




2) jr=rf = Q ; (3.14)
i.e. at the collision point rf the momentum conservation holds. Calculating the integral in



























; i; j = x; y; z : (3.16)
In order to fulll integration over the initial state momenta d3p2 one needs to remember that
after the rst elastic collision the momenta of both the target and the projectile nucleus
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become large, which makes their dependence on the initial momentum p2 negligible.
1
Therefore the only factors in the integrand in (3.15) which signicantly depend on p2 are
the initial state wave function t(p2) and the factor exp i(p1;p2)=h which accounts for the
phase variation before the rst collision takes place. According to (2.4) the momentum p2
is small, and one can use the Taylor expansion for the phase which reads
(p1;p2) = (p1; 0) + ri  p2 : (3.17)












while higher derivatives are negligible. The last identity in (3.18) is written in accord with
(2.12). Since (p1;p2) (2.12) is identical to the classical action, its derivative ri is the
classical coordinate, which can easily be recognized as the coordinate of the point where the
initial rst elastic collision of the projectile with the target nuclei takes place.















where  is a phase
 = [S(rf) + (p1; 0))] =h : (3.20)
To complete this part of calculations, let us nd an explicit formula for the determinant










(ij −mimj) ; (3.21)








From (3.21) one immediately nds








; cos γ = n m : (3.24)
1To simplify consideration we neglect here the fact that even the low energy motion of the target
can produce some eect, since it is increases by the exponential factor [5].
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IV. PROBABILITY OF THE NUCLEAR REACTION INITIATED BY THREE
ELASTIC COLLISIONS
Calculating the total probability of the nuclear reaction one needs to fulll integration
















jdetS 00j ; (4.1)
where (3.19) was taken into account. According to (3.13),(3.14) the second derivatives of







This equality shows that integration over d3Q in (4.1) can be rewritten as integration over









The major contribution to the integral over d3rf comes from the vicinity of a segment which
connects RA and RB. To see this consider instead of (4.1) an important relevant integral
I =
∫ 1







Let us choose cylindrical coordinates with their origin at RA and the axis pointing along the
vector RBA. If we call z the distance from the origin in the direction of this axis and ~ the
radius vector in the orthogonal plane then the radius vector can be written as rf = (~; z).
















1− 2=(RAB − z)2
)1/2)
:















z2 (RAB − z)2
∣∣∣∣∣ (4.6)
We assume in (4.5) that z belongs to the segment 0 < z < RAB. In this region the collision
velocity is large, therefore its contribution is signicant. Outside this region, when either
z < 0 or z > RAB, the collision velocity is small that drastically reduces the integrand in
(4.4).



















z2 (RAB − z)2
]
(4.7)















We consider low collision energies, therefore  can be assumed to be so large that
  1 : (4.10)
This inequality guarantees that separations from the z axis which are essential in the inte-
grand in (4.7) are small compared to the separation between nuclei A and B
 RAB : (4.11)
This allows one to neglect  in the pre-exponential factor. After that integration in (4.7)











Similar method applied to (4.1) gives
∫ ∣∣∣(3)M(Q)∣∣∣ d3Q
(2h)3
= K jA(p001m;p002m)j2 (4.13)
















Similarly, all scattering amplitudes in (4.14) are dened for the head on collision which
happens on the segment connecting RA and RB. Remembering that the point of the initial
elastic collision is xed by (3.18), we can nd all scattering angles which appear in the
scattering amplitudes in (4.14).
Using (4.13) one nds that the probability of the nuclear reaction initiated by TEC (3)W
can be presented as
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(3)W = KW (p001m;p002m) ; (4.16)
where W (p1;p2) is the probability of the nuclear reaction in the vacuum when the nuclei
momenta are p1 and p2. The factor K, that appears in (4.16) and was dened in (4.14),
is the most important result of the calculations above. It can be conveniently rewritten in
terms of the dierential cross sections which describe TEC














We introduce here the density of the target nucleus nt(ri) = jt(ri)j2 at the point of the
initial elastic collision ri. The consideration above ignored possible temperature of the
target, which can be interesting if plasma applications are considered. If we assume that
the temperature is lower than the projectile energy T  E1, then slightly modifying the
approach above we arrive to the same result (4.17) in which the density nt(ri) is a function
of the temperature.
Eqs.(4.16),(4.17) have clear physical meaning. The initial elastic projectile-target scat-
tering, which happens at the point r = ri, accelerates the target nucleus. This fact is
advantageous for our purposes because it increases the relative velocity of the pair. How-
ever, after the initial collision the nuclei of the pair move in opposite directions in the center
of mass reference frame. In order to reverse this motion, we take into account the two
scattering processes of the pair on the nuclei A and B from the environment. Reversing
velocities, these elastic scattering processes open a possibility for the nal inelastic collision,
which happens at the point rf and in which the nuclear reaction takes place. Eq.(4.17)
shows that each elastic scattering gives a factor into the probability which is identical to the
elastic cross section; that is a sensible result. The fact of proportionality of the probability
to the density of the target nuclei nt(ri) also looks reasonable. Having these factors estab-
lished, one can justify the 1=R3AB dependence in (4.17) on the basis of the simple dimensional
analysis. Note that (4.16),(4.17) look so simple that, knowing this answer, one can easily
derive it on the basis of (semi)classical calculations. We prefer above the full quantum me-
chanical treatment because it clearly shows that there are no unexpected complications in
this problem. 2
We consider above the scattering processes of the pair by the nuclei A;B, indicating this
fact in notation KAB in (4.17). If the process happens in large molecules, or in condensed
matter, there may be several heavy atoms located closely to the target nuclei. Each of
them can provide a possibility for a necessary elastic rescattering. Therefore, if we want
to consider all possible rescattering processes we need simply to add contributions from
scattering on dierent neighbor nuclei. If the nucleus A participates in the process then it
gains a large momentum. Therefore the contributions from scattering on dierent nuclei do
not interfere, and we need to sum the probabilities. The result again can be presented with
the help of (4.16), where the coecient is
2The considered process is described by the square Feynman diagram which, generally speaking,
can possess Landau singularities [8]. Our approach veries that they do not manifest themselves





Summation here runs over all neighbor nuclei of the environment. The probability of the
nuclear reaction in the direct collision Wd, which neglects TEC, can be found from (3.6).
Using inequality (2.4) we can neglect the motion of the target nucleus and nd that this
probability is identical to the probability of the event in the vacuum, which in the notation
adopted is
Wd = W (p1; 0) : (4.19)
The most interesting for us quantity is the ratio of the probability of the nuclear reaction





Calculating this ratio one should remember that the probability of the nuclear reaction is
proportional to the Coulomb suppression factor and includes also the complicated matrix
elements which describe the proper nuclear processes. These later ones vary on the scale
of nuclear energies which are much higher than the collision energy. Therefore with high
accuracy the nuclear matrix elements can be considered as energy independent constants,
which cancel out in the ratio (4.20). As a result, using (4.16) and substituting the Coulomb
suppression factor (3.4) exp[−(2=h)A(E)] we nd the following presentation for the ratio R











Here the factor K is dened in (4.17),(4.18). Note an important inequality vm > v1, which
guarantees that the ratio R increases exponentially for low energies E1.
For practical applications one needs to calculate the cross sections for the elastic collisions
which appear in (4.17). These collisions are due to the Coulomb repulsion between the nuclei
which is screened by atomic electrons. If we assume that the projectile energy is high enough,
then all three elastic collisions happen for small separations, where the screening eect is
suppressed. If we can neglect the screening, then the conventional Rutherford formula is
















in which  and v are the scattering angle and velocity in the center of mass reference frame.
When the elastic cross sections are described by Eq.(4.22) the factor K exhibits very sharp
dependence on the velocity of the projectile K / v−111 . However, as we will see in Section
V, the screening for low energy scattering on a heavy nucleus is important. This makes the
dependence of K on the velocity less dramatic than the above estimate, though still quite
pronounced.
The applicability of the developed theory is restricted by several boundaries. One of
them originates from inside the theory. Inequality (4.10)  be large, putting a boundary
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for the energy from above. For an important example of collision of two deuterons this
inequality gives v1 < (e
2=h) =(16
p
2), that results in E1 < 1000 ev.
3 From below the
energy in our approach is obviously restricted by a typical potential energy in a crystal or
molecular environment, that necessitates (2.7).
There are, however, restrictions which originate from more sophisticated physical rea-
sons. One of them is related to the role of the screening eect in the direct collision of
the two nuclei that is discussed, for example, in [4]. Generally speaking, the screening can
have two manifestations. One of them is a reduction of the Coulomb barrier. Another
one is an acceleration of the colliding pair. The later one stems from the fact that the
total Coulomb charge of the colliding pair creates the quasimolecular bound electron levels.
Population of these level by the electrons of the environment should result in production
of energy which can be transferred to the pair. Both mentioned aspects of the screening
eect are suciently complicated and need much more thorough analysis than we can aord
in this paper, prompting us to stop their consideration at this point. However, neglect of
these eects does not aect our main argument, that the TEC mechanism gives exponential
increase for the probability (4.21).
V. NUMERICAL APPLICATIONS TO DEUTERIUM-DEUTERIUM FUSION IN
SOLIDS
Let us apply results obtained above to the important case of deuterium fusion in a
collision of the projectile deuterons with target deuterons implanted in a solid. To be
specic, consider metals with simple cubic structure, such as gold, palladium etc, choosing
the direction of the projectile velocity along one of the crystal axes.
Equal masses of the colliding deuterons make the geometry simple. The largest collision





2, the angle between them is  = 900, while the metal nuclei A and B are located
in a plane which is orthogonal to the projectile velocity. Collisions of the projectile and
target nuclei with the nuclei A and B respectively result in their scattering by an angle
of pA = tB = 135
0. After that the two deuterons come to the head on nal collision,
that takes place on the line perpendicular to the projectile velocity. In this geometry the
collision velocity achieves the maximum value vm =
p
2 v1. The probability of the reaction
depends exponentially on the collision velocity. Therefore we can safely neglect scattering
of deuterons by metal nuclei that result in smaller values for vm.
Let us assume that the energy of the projectile is higher than the atomic energy (2.7).
Then the initial collision of the two deuterons can be described by the Rutherford formula
(4.22). Further simplication can be achieved if we assume that nt(r) is a constant which
value is comparable with the size of the lattice nt(r) ’ 1=a3, where a is the lattice constant.
3This restriction allowed us to simplify the preexponential factor in (4.7) and fulll the integration
analytically. If we are interested in higher energies, the integration in (4.7) should be done numer-
ically. However, for moderate energies the result does not deviate signicantly from the analytical
one (4.12). We will keep this fact in mind when later, in Fig.3, consider energies up to 2.5 kev.
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Then summation over the pairs A;B (located in a plane orthogonal to the projectile velocity)
























It is taken into account here that there are two options for the location of the point ri
at which the initial collision of the deuterons takes place. It is either in the center of the
smallest crystal square cornered by atoms, or in the middle of the crystal cube. These two
possibilities are described by the two terms in the rst brackets in (5.1). Their nominators
2; 4 show a number of neighbor metal atoms which the projectile can reach from a given
ri, while the denominator for the second term shows that the location in the middle of the
cube makes a distance RAB larger than for location in the middle of the square. The second
brackets in (5.1) account for the scattering not only on the nearest pair of metal nuclei, but
on the separated ones as well.
Using the Rutherford cross section (4.22) for the initial elastic collision of two deuterons
and (5.1) we can present (4.17) in the form

















where d()=dΩ is the dierential cross section for elastic scattering of deuterons on a metal
atom. (Large numerical factor 93 in (5.2) arises when all relevant coecients are accounted
for.) The interesting for us scattering angle is, as explained above,  = 1350. The elastic
dierential cross section can be estimated with the help of the classical picture in which one























We perform this calculation using the well known Thomas-Fermi atomic potential [6] for the
atomic potential energy U(r). Fig.1 shows the results for deuteron scattering on gold atoms.
(Our calculations for other atoms produce similar results.) We see that the cross section
is comparable with the atomic dimension a20 for low energies and monotonically decreases
with energy. Note that the calculated cross section diers substantially from the scattering
on the nuclear Coulomb potential, demonstrating an important role of the screening.
Substituting the found cross section in (5.2) we nd the relative probability R. It is
shown in Fig.2 versus the energy of the projectile deuterons E1 = mv
2
1=2 when the target
deuterons are implanted in gold (the lattice constant is a = 407:82 pm.) We see that in
the vicinity of 400 ev the TEC mechanism produces the eect which is comparable with
the probability of the fusion in the direct inelastic collision. For lower energies TEC greatly
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increases the probability of the nuclear reaction. For the lowest considered energy E1 = 100
ev this increase is given by a factor R  1011.
We conclude that for projectile energies below 400 ev the fusion is dominated by the
TEC mechanism.
VI. CONCLUSION
We demonstrate that three elastic collisions (TEC), that happen in advance of the in-
elastic collision of the two nuclei, result in strong increase of the probability of the nuclear
reaction. An example of the fusion in the collision of two deuterons considered in Section V
shows that this increase becomes very strong, many orders of magnitude, for the projectile
energies below 400 ev . It originates from the fact that TEC eect provides partial compen-
sation of the Coulomb suppression factor. One needs to remember, however, that the found
compensation is only partial, the probability remains exponentially suppressed. However,
nuclear reactions in low energy collisions are so important for dierent applications that one
needs to study them very carefully.
One possible application of the TEC mechanism can probably be found in the laser
induced fusion where ions are accelerated by the laser eld and the interaction with electrons,
see e.g. [10]. This eect can, generally speaking, create a flux of accelerated deuterons which
move from a surface inside the target exposed to a laser eld. If they have energies below
0:5 kev, then the TEC mechanism can be very pronounced, as shown in Fig.2. Moreover,
the strong laser eld compresses the matter. During a laser-induced fusion the density may
become 104 times higher than in usual solids [11]. Eq.(4.17) shows that the probability
of the TEC initiated nuclear reaction rises proportionally to the second power of n. One
power of the density in this estimate originates from the density of the target deuterons
nt, another one comes from the factor 1=RAB, where RAB is the separation between heavy
atoms. One can anticipate therefore that the probability of the fusion initiated by the TEC
can be increased in the laser eld by a factor as large as  108. From this perspective it
is interesting to reassess data of Fig.2, scaling the relative probability by the factor 108.
The result is shown in Fig.3 for somewhat higher energy region that becomes interesting in
this case. (Note that Fig.3 compares the probability of the TEC assisted nuclear process
with the one in the vacuum. In the strongly compressed plasma the screening becomes
important because it reduces the Coulomb barrier and makes the direct process much more
probable, as discussed, for example, in [4]. It would be interesting to compare the role of
the screening eect with the TEC mechanism, but in this paper, as mentioned above, we do
not pursue this issue. 4) The gure shows that the TEC eect is essential for the energies of
accelerated deuterons below 2:5 kev, quickly becoming very strong with energy decrease. If
energies of accelerated deuterons are in this region, then the fusion may be aected by the
4We neglect in Fig.3 the fact that the overall increase of density compresses the electron shells of a
heavy atom, most seriously the outer electrons. Since the deuteron elastic scattering happens deep
inside the atom, where the eect of the compression is less pronounced, the compression should
not drastically change the deuteron cross section, that we calculate for the non-compressed case.
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TEC mechanism. One can deduce one practical conclusion from this discussion. To make
TEC work in the laser induced fusion the deuterium target should contain sucient amount
of heavy atoms.
There may exist other applications of the TEC mechanism, for example, in astrophysics.
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FIGURES
FIG. 1. Dierential cross section dσdΩ (θ) for the elastic scattering of deuterons by gold atoms
calculated with the help of Eq.(5.4) for the scattering angle θ = 1350.
FIG. 2. The relative probability of the DD fusion initiated by TEC. The ratio R, dened in
(4.20), is presented versus the projectile energy. Target deuterons are implanted in metal gold, the
velocity of the projectile is directed along the crystal axis. Calculations are based on Eq.(5.2) with
the elastic cross section depicted in Fig.1.
FIG. 3. Same data as in Fig.2, but with probability scaled by a factor of 108 and presented for
higher projectile energies. As is explained in the text, one can hope that the scaling factor 108 can
be achieved due to compression of the target solid state when it is exposed to a strong laser eld.
TEC is essential in the laser induced fusion if the eld creates a flux of deuterons with energies
below 2.5 kev and provides the necessary  104 compression of the target.
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